Based on our encouraging results of G-CSF-primed HLA-matched related marrow transplants for high-risk leukemia, we extended the study from matched related to haploidentical transplants using G-CSF primed marrow and sequential immunosuppressants to prevent both graft-versus-host disease (GVHD) and host-versusgraft rejection (HVGR). Fifteen high-risk leukemia patients, who needed urgent transplantation but lacked an HLA-matched donor, underwent G-CSF-primed haploidentical marrow transplantation without ex vivo T cell depletion. Donors were given G-CSF (Lenograstim) at 3-4 g/kg/day for 7 days prior to marrow harvest. GVHD and HVGR prophylaxis were combined in the sequential usage of cyclosporin A, methotrexate, anti-thymocyte globulin and mycophenolate mofetil. All patients established sustained trilineage engraftment at a median of 19 days and 21 days for neutrophil and platelets respectively. G-CSF priming significantly increased CD34 + and CFU-GM cells, reduced total lymphocytes and reversed the CD4 + /CD8 + ratio in the donor marrow. The incidence of grade II-IV acute GVHD was 33.3%. Nine patients survived more than a year with a Karnofsky performance status of 100%. Estimated overall disease-free survival at 2 years was 60 ؎ 7%. In conclusion, using G-CSF priming marrow grafts along with sequential immunosuppressants provided an excellent alternative for the treatment of high-risk hematological malignancy in patients who lack matched donors.
Transplantation of unmodified bone marrow (BM) from HLA-haploidentical two-or three-loci incompatible donors has been associated with an unsuccessful outcome caused by the high incidence of severe graft-versus-host disease (GVHD) and graft failure. 1, 2 While vigorous pan-T cell depleted haploidentical grafting is the most effective means of preventing severe GVHD, it has been associated with delayed recovery of T cell function leading to fatal infection, graft rejection, and leukemia relapse. [3] [4] [5] It is clear that one of the most difficult issues in the clinical performance of haploidentical transplantation has been attempts to balance the necessary degree of T cell depletion and immunosuppression afforded by the conditioning in order to prevent both graft-versus-host disease (GVHD) and host-versusgraft rejection (HVGR).
Based on the fact that granulocyte colony-stimulating factor (G-CSF) facilitates engraftment, G-CSF-primed marrow grafts have 10 times fewer lymphocytes compared to peripheral blood stem cell grafts, and both GVHD and HGVR are immune-mediated reactions, we undertook HLA match-related G-CSF primed marrow transplants for highrisk leukemia. 6, 7 Our transplant results were very encouraging, with a surprisingly low incidence of acute GVHD at only 6.3%. All patients achieved sustained trilineage engraftment. We sought to extend the study to the haploidentical transplant setting with the addition of immunosuppressants to prevent both GVHD and HVGR. Our strategies were to use G-SCF-primed marrow to facilitate engraftment without increasing the T cells in the grafts, different from G-CSF-mobilized peripheral blood stem cells (PBSC). We added anti-thymocyte globulin (ATG) and mycophenolate mofetil to our baseline cyclosporin A (CsA)/methotrexate (MTX) GVHD prophylaxis. Here, we report our transplant protocol and the sequential results in 15 patients with highrisk leukemia without matched donors, who underwent the HLA-haploidentical G-CSF-primed marrow transplantation without ex vivo T cell depletion.
Patients and methods
Patients with advanced disease or leukemia with poor prognostic features that needed urgent transplantation were eligible for this trial. Additional criteria for eligibility included the presence of a suitable related haploidentical donor, absence of life-threatening infection, and near normal cardiac, hepatic, pulmonary and renal function. From February 1999 to November 2000, 15 consecutive patients with highrisk leukemia were enrolled into the study. None of these patients had an HLA-matched sibling or single-antigen mismatched related donor. The protocol used for this study was approved by our institutional review board. Written informed consent was obtained from all the patients, donors and/or their guardians. Clinical characteristics of the 15 transplant patients and donor-host relationships are summarized in Table 1 .
HLA typing and donor selection
Patients and donors were HLA-typed according to standard techniques. Typing for class I HLA-A and B antigens was performed using serologic methods. HLA class II typing for DRB1 was carried out by PCR-SSP high resolution methods. All pairs of donors and recipients were identical for one HLA haplotype and incompatible at two or three loci (HLA-A, B and DR) of the unshared haplotype. Donor-host relationship and HLA typing are listed in Table 1 . The donors were parents in 11 cases, siblings in three cases and a cousin in one case. Donors were prioritized on the basis of the greatest HLA matching A, B or DR loci, cytomegalovirus (CMV) screen negativity, younger age, same sex, and better health. 
Conditioning regimen
All patients received the same conditioning regimens consisting of cytarabine (Cytosar; Pharmacia and Upjohn, Puurs, Belgium) 3.0 g/m 2 , twice a day for 3 consecutive days, on days Ϫ7, Ϫ6 and Ϫ5; cyclophosphamide (CY) 45 mg/kg/day for 2 consecutive days on days Ϫ5 and Ϫ4; total body irradiation (TBI) at 1000 cGy in two fractions on days Ϫ2 and Ϫ1, using a high energy linear accelerator, the midline dose rate being 5-6 cGy/min; and rabbit antithymocyte globulin (ATG) (Fresenius AG, Oberursel, Germany) at 5 mg/kg on day Ϫ4, Ϫ3, Ϫ2 and Ϫ1.
Donor priming regimen and bone marrow harvest
Donors received G-CSF (Lenograstim; Chugai Pharmaceutical, Tokyo, Japan) at 3-4 g/kg/day daily for 7 consecutive days as described before. 6, 7 Marrow cells were collected on the 8th day under epidural anesthesia, from the posterior iliac crests with a target marrow volume of 18-20 ml/kg recipient body weight. Total nucleated cell counts (TNC) were obtained using an automated counter. The number of CD34 + and T subsets (CD3 + , CD4 + and CD8 + cells) was assessed by flow cytometry. Fresh and unmanipulated marrow was infused on the same day (day 0). With ABO major blood group incompatibility, red cells in the marrow were removed by sediment manipulation.
GVHD prophylaxis
A combination of CsA, MTX and MMF was used for GVHD prophylaxis at different stages of the transplant course. CsA was given at 1.5 mg/kg/day i.v. on day Ϫ7 to Ϫ1, then 3 mg/kg/day continuous 24 h infusion from day Ϫ1 until gut function recovered, then changed to 6 mg/kg/day orally in three divided doses. CsA levels were measured weekly by a fluorescence polarization immunoassay and the dose adjusted accordingly to maintain serum levels at approximately 200 Ϯ 50 ng/ml. CsA dose was reduced if the trough level of CsA was over 300 ng/ml or the serum creatinine level exceeded 2 mg/dl. MTX was given at 15 mg/m 2 on day +1 and 10 mg/m 2 on day +3, +6 and +11. MMF, 1.0 g/day was administered from day +7 to +100. Acute and chronic GVHD were graded and staged according to the consensus conference on GVHD grading. 8 Acute grade I GVHD or more than grade I was treated with methylprednisolone 1-2 mg/kg/day for 2 weeks, tapered as soon as possible.
Supportive care
Transplanted patients were hospitalized in a room with a high-efficiency particulate air filter until the neutrophil count recovered to 1 ϫ 10 9 /l. All patients received prophylactic trimethoprim-sulfamethoxazole for Pneumocystis carinii, ciprofloxacin for selective gut decontamination and fluconazole for fungal prophylaxis. Herpes simplex prophylaxis consisted of acyclovir. Fever during the period of neutropenia was treated with broad-spectrum antibiotics. Intravenous immunoglobulins were given at a dose of 500 mg/kg weekly starting at day 1 post transplantation. G-CSF 3-4 g/kg/day was administered from the second day of transplant until the neutrophil count reached 0.5 ϫ 10 9 /l for 3 consecutive days. Patients were transfused if their hemoglobin or their platelets dropped below 80 g/l or 20 ϫ 10 9 /l, respectively. All blood products were irradiated.
Evaluation of engraftment
Daily complete blood counts (CBC) were taken. Neutrophil engraftment was defined as the first day of ANC >0.5 ϫ 10 9 /l after the neutrophil nadir. Platelet engraftment was defined as the day when the platelet count exceeded 20 ϫ 10 9 /l without previous platelet transfusions for at least 7 days. A bone marrow aspirate and biopsy was done routinely at 1 month post-transplant to assess engraftment. Donor engraftment and chimerism were evaluated by either cytogenetic (sex mismatch) or DNA analysis (same sex) of one or more genetic differences between the donor and recipient.
Flow cytometry and progenitor cell analysis
Cell surface markers were determined by dual or threecolor staining with monoclonal antibody directly conjugated to FITC, PE and CY5 against CD34
+ (Coulter Immunology, Hialeah, FL, USA). In this study, 100 l of cell solution aliquots were incubated at Bone Marrow Transplantation room temperature with a saturating concentration of two different monoclonal antibodies for 15 min. After incubation, the red blood cells were lysed and the stained cells were fixed and analyzed by an EPICS XL flow cytometer (Coulter Immunology). The number of CD34
+ cells and T cell subsets was determined by multiplying the numbers of lymphocytes per microliter by the percentage of nucleated cells with that phenotype. CFU-GM was determined by semi-solid agar culture. 9 
Statistical analysis
Median values and ranges for each parameter were determined. The Wilcoxon rank sum test was performed to compare results obtained before and after administration of G-CSF. Cumulative incidence estimates were used for GVHD. Survival was estimated according to the method of Kaplan-Meier. The date of the final analysis was 15 December, 2001. Table 2 summarizes graft contents that were collected from the donors primed with G-CSF at the target volume of 18-20 ml/kg recipient weight. The median volume was 1.1 liters (range 0.7-1.5). Table 3 compares the CD34 + , CD3 + , CD4
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+ and CD8 + , and the proliferation of CFU-GM in the bone marrow before and after administration of G-CSF. G-CSF priming significantly increased TNCs, CD34
+ cells (P = 0.02) and CFU-GM cells (P = 0.001) and decreased total lymphocyte percentage in the donor marrow. Although the percentage of the CD3 + subset was not changed significantly, the ratio of CD4 + /CD8 + was decreased (P = 0.04) after G-CSF priming. 
Engraftment
All patients experienced successful trilineage engraftment.
The median time to a neutrophil engraftment was 19 days (range 13-22 days). The median time to platelet engraftment was 21 days (range 16-32 days) ( Table 2) . Chimerism analyses demonstrated complete donor chimerism (>95% donor cells) in all patients and sustained engraftment at a median follow-up of 22 months (13-35 months).
GVHD
Eight of 15 patients (60%) developed grade I acute GVHD (aGVHD).
Five patients developed grade II-IV aGVHD at a cumulative incidence of 33 Ϯ 8%. The onset of aGVHD occurred at a median of day 21 (range, 10-36). Three patients with grade III-IV aGVHD failed the treatment and died as a direct consequence of aGVHD (Table 4) . The other two patients responded to steroid treatment. Nine patients who survived more than 6 months had limited chronic GVHD (cGVHD) with oral dryness and skin involvement. None of them developed extensive cGVHD and there were no cGVHD related deaths. 
Outcome
Nine of 15 transplanted patients are currently alive at a median follow-up of 22 months (range 13-35 months) with 100% Karnofsky performance. The estimated overall disease-free survival rate at 2 years was 60 Ϯ 7% (Figure 1 ). Of the six deaths in this series, three patients (patients 2, 8 and 12) died of severe aGVHD and two (patients 3 and 10) died of infection. One patient who was transplanted in relapse died of leukemia relapse 3 months after the transplant (Table 4) .
Discussion
Haploidentical hematopoietic stem cell transplantation (HSCT) is a good solution for patients who need allogeneic HSCT but do not have a matched donor. 10 However, problems with the haploidentical HSCT have included a high incidence of severe GVHD and graft rejection/failure.
1,2 Ex vivo T cell depletion reduced the risk of GVHD but was associated with delayed recovery of T cell function leading to fatal infection, graft rejection, and leukemia relapse. [3] [4] [5] 11 In our study, 15 high-risk leukemia patients who did not have an HLA-matched donor received haploidentical mar- row transplants with G-CSF donor priming, without ex vivo T cell depletion. All recipients achieved sustained trilineage engraftment. G-CSF significantly increased CD34
+ and CFU-GM cells in the marrow grafts and facilitated engraftment. We used 7-day low-dose G-CSF priming based on our previous experience in the match related marrow transplants. 6, 7 We compared G-CSF-primed marrow with the steady state marrow transplant in HLA-matched related transplants in leukemia patients and CML patients. Both studies demonstrated that G-CSF-primed marrow transplants had significantly faster engraftment and a lower incidence of acute GVHD. The incidence of acute GVHD was surprisingly low; only 6.3% in G-CSF-primed marrow transplants compared to 33% in steady state marrow transplants. Three other groups also demonstrated that G-CSF donor marrow priming facilitated marrow engraftment. [12] [13] [14] G-CSF doses used for donor-marrow priming in the three groups were different. The Isola group used filgrastim 10 g/kg/day for 2 days. The Serody group used filgrastim 10 g/kg/day for 4 days. The Couban group used 10-15 g/kg for 4 days. Neutrophil and platelet engraftment were very similar among the four groups. We used postgraft G-CSF treatment until the ANC >0.5 ϫ 10 9 /l and the other study groups did not use post-graft G-CSF. It appeared that post-grafting G-CSF did not further facilitate engraftment if the donor marrow had already been exposed to G-CSF. The question that remains to be answered is what is the optimal dose of G-CSF for donor marrow priming?
Besinger et al 15 compared G-CSF-mobilized PBSCs to historical steady-state marrow transplants and reported a similar incidence of GVHD although T cell numbers in G-CSF mobilized PBPCs were often 10 times higher than in marrow. The Serody and Darrant groups compared the G-CSF-mobilized PBSCs to G-CSF-primed marrow for incidences of acute and chronic GVHD. 12, 16 They both found that G-CSF-primed marrow grafts had lower incidences of both acute and chronic GVHD, especially chronic GVHD. One of the explanations was that the number of T cells in the G-CSF-primed marrow was much lower than that in G-CSF-mobilized PBSCs. The incidence of grade II-IV aGVHD in our previous study was surprisingly low (6.3%) in the patients who received G-CSF-primed marrow grafts compared to the steady state marrow transplants, suggesting that other factors besides the number of T cells were also important in controlling aGVHD. Our results demonstrated that G-CSF did not change the total number of CD3 + T cells, but altered subsets of T cells and significantly lowered the CD4/CD8 ratio. It is known that cytokines produced by CD4 + and CD8 + T cells can be characterized into two patterns, Th1 (IL-2 and interferon-gamma) and Th2 responses (IL4 and IL10). 17 Th-1 type responses are critical for acute GVHD. 18 Treatment that induces Th2 response reduces GVHD.
19 G-CSF polarizes T cell differentiation from Th1 to Th2 type cells and induces Th2 responses, with the production of IL-4 and IL-10. 20 Tayebi et al 21 compared phenotypic and functional properties of lymphocytes from bone marrow or PBSC donors after G-CSF treatment in a randomized study. They found that not only were lymphocyte counts in the marrow grafts 10-fold lower than those in the G-CSF-mobilized PBSC grafts, but the production of Th1 cytokines (IL-2, IFN-gamma, tumor necrosis factor) after G-CSF treatment was also severely impaired. 21 Thus, modulation of cytokine production by G-CSF may help to explain the surprisingly low incidence of clinical acute GVHD observed in our study group with the combination of donor G-CSF marrow priming and post-grafting G-CSF treatment.
In general, high-dose TBI, 1200 cGy or more, in attempting to decrease host resistance to donor grafts and eradicate leukemia/tumor, is an integral part of conditioning for haploidentical transplants. A large body of evidence has demonstrated that intensified chemo-radiation conditioning increased both regimen-related toxicity and more importantly, aGVHD. [22] [23] [24] Many cures of hematological malignancies have been attributed to immunological antileukemia reactions effected by allografting. 25, 26 Mineishi et al 26 reported that addition of high-dose Ara-C to a CY/TBI conditioning regimen improved survival without increasing regimen-related toxicities. We added Ara-C to the conditioning regimen and lowered TBI to 1000 cGy. All patients in our study experienced successful trilineage engraftment after transplantation, taking a median of 19 days to neutrophil engraftment and there were no regimenrelated deaths. Because the toxicity curve of TBI is not linear and accumulated toxicity increases dramatically at higher levels, a small reduction in TBI dose at a higher level markedly decreases accumulated toxicity. In our study, the lower dose 1000 cGy TBI reduced tissue injury and the risk of acute GVHD.
We used sequential immunosuppression to prevent both GVHD and HVGR in haploidentical BMT, without ex vivo T cell depletion. This is the first study to evaluate ATG and MMF in combination with standard CsA + MTX for GVHD prophylaxis and graft rejection. We used CsA and MTX as our baseline and added different immunosuppressants at different stages of the transplant course. We used ATG (half-life 2 weeks) on days Ϫ4 to Ϫ1 to suppress and/or deplete host lymphocytes to prevent host-versusgraft rejection, as well as to suppress/deplete the infused donor lymphocytes in vivo to prevent GVHD. We added MMF on day +7 to prevent rapid proliferation of donor lymphocytes at this stage. MMF, as a purine analogue, is a powerful inhibitor of lymphocyte proliferation. A combination of CsA + MMF showed a more potent immunosuppressive effect in preventing graft rejection than that of CsA + MTX. 28 Basara et al 29 demonstrated that MMF could be used safely and effectively for the prophylaxis of aGVHD in HLA-mismatched BMT patients. The combination of sequential immunosuppression allowed us to perform haploidentical BMT without ex vivo T cells. There was no graft rejection and the incidence of GVHD was comparable to the HLA-matched related steady state BMT.
CMV infection is often a major problem in allogeneic BMT, especially in patients who have received T cell depleted grafts or CD34 + selected grafts. 15 In our study, we had no CMV infections. We used a CMV-PP56 antigen assay for both donor and recipient screening. If positive, donor or recipient was treated with a standard prophylactic dose of gancyclovior for 4 weeks. We think the low incidence of CMV infection in our study was more likely due to the marrow transplants being conducted without vigorous ex vivo T cell depletion. However, this will need more study, especially concerning immune reconstitution of T, B and NK cells after the transplantation. Our study involved mainly young patients, median age 15 years, and the number was relatively small. Nevertheless, the results with minimal regimen-related toxicity, no graft rejection and a low incidence of GVHD are very encouraging and certainly warrant a larger study with more, and older patients.
In summary, we describe 15 patients with high-risk leukemia who received HLA haploidentical G-CSF-primed marrow transplants without ex vivo T cell depletion. The high engraftment rate, low incidence of grade II-IV acute GVHD, minimal regimen-related toxicity and infection suggest that G-CSF-primed marrow grafting along with sequential immunosuppression could provide an excellent alternative for patients who need allogeneic marrow transplantation, but who do not have an HLA-matched donor.
